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ABSTRACT
New ice crystal slurry generator system, for thermal energy storage (TES), has been developed for both air
conditioning and cooling process applications. The system uses a scraped-surface orbital rod evaporator (ORE), a
vertical shell-and-tube heat exchanger with mechanical heat transfer augmentation, as a dynamic icemaker to
generate “liquid ice”. Ice forms continuously without accumulation inside the ORE and is compatible with
conventional condensing units, storage tanks and pumps. Diluted aqueous solution or non-organic brine solutions
promote ice crystals formation. The cooling load circuit can be hydraulically decoupled from ice production at the
storage tank. This way, the hydraulic system of refrigeration, responsible for providing the thermal load, can work
independently of the ice production, utilizing the stored slurry. Stored ice slurry provides consistently low
temperatures over significant portions of the ice melt period and may be melted very rapidly due to the large surface
area. With its characteristic high evaporator temperatures and high heat fluxes, the systems have the potential to
significantly reduce the capital and operating costs, when compared with static ice or ice harvesting technologies.
Overall heat transfer coefficients are measured experimentally and compared with similar configurations without
phase change.

1. INTRODUCTION
The rational use of energy has been the target of a great number of researches, because of the importance given to
the theme in last couple of years. Refrigeration, responsible for most part of the electric energy consumption, is, for
this reason, constantly the target o new studies. Thermal accumulation is one of today’s most studied alternatives for
reduction of operational costs in installations of environment conditioning and the “ice slurry” is the most recent
technological innovation in the area, having the potential to reach considerable benefits, as much environmental
benefits as economic ones. Any conventional primary refrigerant can be used in the production of ice slurry. The
cooling capacity of an ice slurry solution can be 4 to 6 times greater than the conventional cold water, depending on
its ice fraction. There are lots of ice water systems already operating throughout the world. When the thermal
accumulation is done with the phase change, the great majority relies in the ice storage, where the heated water
return is used to melt the stored ice. In the same previous studies, Kim B.S. et al., (2001), had another study done,
theoretical and experimental, about the ice slurry production by pulverization of an aqueous solution in a
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refrigerated environment. Oliver Bel & André Lallemand (1998) studied the thermal behavior of the ice slurry with
aqueous solutions of ethanol, making a study of the internal coefficient of the heat exchange of a paste generator of
the helix scraper type. In this work the correlation for the heat exchange coefficient is presented. Bounopane, R.A,
& H.D. Huang (1991), studied the characteristics of the heat transfer and fluid flow in an orbital tube evaporator
employed in desalinization.

2. EXPERIMENTAL APPARATUS
2.1. Test Section
An experimental prototype, shown in Figures 1 and 2, was built to generate the ice slurry. The main components
are: ice slurry generator (G); a condensing unit that operates with R22 as refrigerant fluid; the data acquisition
system; pump of positive motion; frequency changers; constant temperature bath and storage tank (T).

Figure 1. Schematic diagram of the ice slurry generation system
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Figure 2 - Ice slurry generator’s picture.

2.2. Experimental Procedure
The ice slurry generation system is put in operation by setting the condensing unit in motion. In this instant, it is also
imposed the rotation speed of the scraping mechanism and the evaporation temperature of the refrigerant fluid
through the control of the evaporation pressure. The solution to be refrigerated is put in circulation and then it is
necessary to wait until the system reaches the steady state.
For the presented research it is used a glycol propylene aqueous solution of 8% in mass. Other solutes were
employed, presenting similar yield, but were not presented here. Initially at room temperature the solution is pumped
into the generation system. The mixture mass flow rate is adjusted by a frequency inverter and measured with
CORIOLIS flow meter.
The data related to the heat transfer between the refrigerant fluid and the aqueous solution is collected through the
data acquisition system. Enough time was waited between measurements until steady state be reached. This
condition is obtained in approximately 10 minutes. Following this, an ice slurry sample is collected for each
established point for the experience. The slurry sample is melted inside a calorimeter (figure 3) by using an electrical
resistance. During this process the following data is acquired: collected mass, electric energy freed and initial and
final temperature of the sample.
The thermo physical characteristics of the aqueous solution are obtained from the technical literature available. The
heat transfer area is calculated based on the constructive data of the generator.
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Figure 3. Schematic view of the calorimeter.

3. DATA REDUCTION
3.1. Overall coefficient of the heat transfer
The overall coefficient of the heat transfer can be determined (experimentally) applying the equation of energy
conservation.

Q& = m& s ⋅ (hint − hs )

(1)

In this expression the following is considered: the enthalpy of the aqueous solution (as it enters the generator), its
mass flow rate and enthalpy of the ice slurry in the slurry generator’s exit.
The energy balance, according to the following equation, determines the enthalpy of the ice slurry:

hs = ((1 − xs )c p f + xs c pi ) ⋅ (Ts − 273.16) − hL xs

(2)

Based on the properties of pure substance and reference temperature of 273.15 K, the enthalpy is composed of
two terms: sensible heat and latent heat. The term xS corresponds to the ice fraction on the slurry and is
determined from the calorimetric method, accordingly:

t

E = ∫ q dt = m(h(Ts ) − h(T f ))
0
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The enthalpy entrance of the aqueous solution, hin, is determined from the following equation:

hin = c p f ⋅ (Tin − 273.16)

(4)

The overall coefficient of heat transfer is finally determined by:
.

Q
U =
A ⋅ ∆T

(5)

∆Τ is the reference mean temperature difference, calculated by the average with the logarithmic mean temperature
differences for the two regions inside the generator, with and without phase change.

4. RESULTS AND DISCUSSION
4.1. Ice slurry temperature
The ice slurry temperature varies with the composition of the aqueous solution. Ice slurry was produced with
aqueous solutions of ethylene glycol, propylene glycol and ethanol. It is also possible to use salt water to produce
ice slurry. This is possible with an appropriate correction of the salinity ratio, representing a great advantage to
the fishing industry, since the slurry can be applied directly on the fish, being produced and used in high seas.
The temperature of the formed slurry can be in the range of 0 to –40 ºC, depending on the solute and initial
concentration of the aqueous solution. Figure 4 shows the variation of temperature with ice fraction, for a
solution with an initial concentration of 8%.

Figure 4 -. Variation of the ice fraction with the ice slurry’s temperature.

4.2. Effect of the scraper’s rotation
It was observed that, the slurry’s ice fraction increases with the reduction of the mass flow rate of the solution that
passes through the ORE (Fig. 5). We also observe that the ice fraction increases with the rotation of the generator’s
scraper. This mechanism is very important because it intensifies the heat transfer.
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(a)

(b)

Figure 5. (a) Ice fraction variation, (b) heat flow at different massive flow and different rotations of the generator’s
scraper.

4.3. Overall coefficient of heat transfer
Figure 6 shows the overall coefficeint of heat transfer for different rotation speed of the scraper, for three different
mass flow rates of the aqueous solution that goes through the generator.
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Figure 6. Overall coefficient of heat transfer versus angular speed of the scraper’s mechanism and the solution’s
massive flow.
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5. CONCLUSIONS
An ice slurry generator was developed to study its heat transfer characteristics. On the generator’s surface, the heat
transfer involves liquid to solid phase change.
Of the results obtained we came to the following conclusions:
-

The super-cooling of the aqueous solution is crucial in the formation of the ice slurry and is what makes
this possible. It’s important to stress that complex phenomena are present in this process (example:
nucleation).
The agitation is the main responsible item for the increment of the heat transfer in the cooling of the
aqueous solution (without ice slurry generation).
It has been demonstrated that the agitation mechanism has strong influence in the ice slurry generation
process.

NOMENCLATURE
cpf

- Carrier fluid specific heat

c pi
E
hin
hL
hs

- Ice crystals specific heat
- Energy generated inside the calorimeter
- Enthalpy of the mixture at the entrance of the slurry generator
- Latent heat
- Enthalpy of the ice slurry

.

ms
q

- Mass flow rate
- Electrical power

.

Q
Tf

- Heat flux

Ts

- Temperature of the slurry

xs

- Ice fraction

- Temperature at the exit of the slurry generator
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